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Functional versus structural changes in the pathophysiology of acute
ischemic renal failure in aging rats. The aim of the study was to gain
further insight into the greater susceptibility to acute ischemic renal
failure (ARF, 30 mm of renal arteries clamping) of old rats (0, 18
months) as against young rats (Y, 3 months). All the rats ate a
hypoproteic diet (14% of cascin) to avoid age-related glomerulosclerosis
in 0. Basal renal dynamics was similar in 0 and Y (Groups CON). One
day after ARF, the decrease in GFR was more severe in 0 than in Y
(—82% and —57% vs. respective CON, P < 0.05), due to a greater rise
of RVR in 0 (+258%) than in Y (+ 104%). The histologic renal damage
after ischemia was comparable in the two groups with ARF. Five days
after ARF, the recovery of renal function was characterized by a slower
rise of GFR in 0 than in Y. In two further groups, two different
scavengers of oxygen-free radicals, dimethylthiourea (DMTU) and
superoxide dismutase (SOD), were administered at the time of arterial
occlusion. DMTU had protective effects in Y but not in 0 (GFR was
—28% and —72%, respectively); in contrast, SOD was more effective in
O (iGFR =
—58%) than in Y rats (GFR = —40%). To test the
hypothesis that such a difference was related to the capacity of SOD to
increase the levels of nitric oxide (NO), four more groups of Y and 0
rats were pretreated with L-arginine (ARG), precursor of NO, in tap
water (1.5%). No difference in renal dynamics was detected in basal
conditions. However after ARF, while in Y no change was observed,
in 0 rats, ARG led to a lesser decrease of GFR (—57% vs. CON) like in
SOD-O. Concomitant administration of a NO synthase inhibitor, N-ni-
tro-L-arginine-methyl-ester (50 mg/liter in tap water), prevented the
beneficial effects of ARG. In conclusion, this study suggests that: (a)
ischemic ARF is worse in 0 than Y rats even in absence of age-related
glomerulosclerosis; (b) the greater renal impairment following ARF in 0
rats is likely related to reduced NO levels.
In most animal species, aging is characterized by a progres-
sive decline of renal function secondary to a reduction of renal
working mass [1, 2]. This process is particularly evident in rats
since it is associated with a "physiologic" glomerulopathy, that
is, focal glomerular sclerosis with proteinuria [2].
Importantly, old rats are more susceptible to some events
able to damage the kidney, like ischemia following renal arteries
clamping [3, 4], with the resulting GFR impairment much
greater than in young animals. Such a finding is believed to be
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the consequence of the established glomerulopathy. Indeed,
pre-existing age-related glomerular lesions, while not impairing
basal GFR [4, 5], may potentiate the decline of GFR after
ischemia. Zager has shown that, following renal ischemia,
senescent Fisher rats (24 months) with a moderate degree of
glomerulosclerosis, had a greater fall of creatinine clearance
than young rats (3 months) [4]. It is important to note, however,
that it is still unclear whether renal lesions or factors other than
histologic damage play a role in the greater susceptibility to
ischemia.
Therefore, the first aim of this study was to establish whether
in old rats, age-related glomeruloscierosis is crucial in deter-
mining the more important renal dysfunction following isch-
emia. We created an experimental model in which both young
and aging rats were fed since birth with a moderately hypopro-
teic diet; protein restriction, in fact, is known to delay the
development of age-related glomerulopathy [21.
The second aim of the study was to evaluate the potential role
of factors other than glomeruloscierosis in the pathophysiology
of the greater ischemia-induced renal impairment in aging rats.
The role of oxygen free radicals was indirectly tested by using
two different "scavengers," dimethylthiourea (DMTU) and
superoxide dismutase (SOD). Both substances, in fact, lessen
the degree of ischemic acute renal failure in young rats [6, 7];
however, this effect has not been studied in aging animals. In
addition, to evaluate the role of the endothelial-derived relaxing
factor, nitric oxide (NO), additional groups of rats were fed
prior to ischemia with L-arginine, a precursor of NO [8]. Such
a maneuver leads to renal vasodilation in experimental condi-
tions in which vasoconstriction is particularly stimulated [9,
10].
Methods
The study was carried out in 123 male Sprague-Dawley rats
which were three to four months (young rats, Y) or 18 months
of age (old rats, 0), provided by Morini (Reggio Emilia, Italy).
Both young and old rats were fed from birth with a moderately
hypoproteic diet (protein content, 14% as casein); preliminary
studies carried out in our lab showed that such a diet, while
permitting a normal growth, delays the occurrence of age-
related glomeruloscierosis.
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A mild model of ARF was used, since in preliminary studies
it resulted in total survival of young rats, and, furthermore, by
not inducing significant back-leakage of filtrate [11, 12], it made
the measurement of renal extraction of inulin possible for
evaluation of filtration fraction (FF) and renal plasma flow
(RPF). Renal handling of para-amino hippurate (PAH), in fact,
is altered in aging rats [13]. In all groups of rats, the surgical
procedure to induce ARF was identical. Briefly, the rats under-
went a light anesthesia (Nembutal, 40 to 50 mg/kg in young rats
and 30 to 35 mg/kg in old rats). Through a subcostal incision
both renal arteries were carefully dissected and completely
closed (as confirmed by the immediate blanching of the renal
surface) for 30 minutes by atraumatic vascular clamps. After
removal of clamps, renal reperfusion was observed on the renal
surface before suturing the abdominal wall. Sterile technique
was employed throughout the surgical procedure. The rats were
restrained in isothermic conditions (38°C) for at least one hour
after the surgical procedure and thereafter returned to their
cages. Free access to food and water was allowed. The control
groups (CON) underwent a sham-operation in which renal
arteries were dissected but not closed.
One or five days after renal arteries clamping, rats were
prepared for the hemodynamic study, according to our tech-
nique [14]. Control rats were all examined one day after
sham-operation. Briefly, the rats underwent a new anesthesia
with similar doses of Nembutal, and were placed on a ther-
moregulated table. A tracheostomy was performed and cathe-
ters (PE 50) were placed in the left jugular and femoral veins for
sustaining infusions, and in the left femoral artery for periodic
blood sampling and continuous measurement of blood pressure
(BP) through a transducer connected to a chart recorder (HP
7782A). The bladder was then exposed through a sovrapubic
incision, and an indwelling catheter (PE 90) was inserted for
urine collection. The left renal vein was finally exposed through
a subcostal incision for blood sampling. After surgery and
throughout the experiment, rats were administered a bicarbon-
ate-saline solution (in mmol: NaCI 110; NaHCO3 28, KC1 5)
containing an adequate amount of chemical inulin, at the
constant infusion rate of 15 d/min/l00 g body weight. After a
stabilization period of 45 minutes, two inulin clearances (20 mm
each) were performed with complete urine collection. Last, a
small blood sample (70 tl) was withdrawn from the renal vein
by a sharpened glass micropipette (under microscopic magnifi-
cation to avoid bleeding) to calculate renal extraction of inulin.
In some rats of the experimental groups, the left kidney was
removed and cut by a sharpened blade and midcoronal sections
(containing cortical and medullary tissues) were fixed in 10%
formalin for 24 hours. Then the bioptic samples were plastic-
embedded and thin sections (3 to 4 /Lm) were stained with PAS
for light microscopy. Three different sections were examined in
each rat by two investigators who analyzed the specimens with
no knowledge of treatment. They evaluated the degree of focal
glomerular sclerosis, tubular atrophy and interstitial fibrosis in
both aging and young rats. Tubular necrosis and cast formation
in tubules were evaluated as markers of histologic severity of
acute renal failure. According to Zager and Alpres [4], each of
these parameters was graded from 0 to 4 (least to most severe
injury).
Experimental groups
First protocol. To establish the extent of renal dysfunction
and the ability of aging kidney to recover from the ischemic
insult, both young (Y) and old (0) rats were studied in control
conditions (Groups CON, N = 9 in Y rats and 8 in 0) and after
ARF, either one day (Groups ARF, N = 8 each in Y and 0 rats)
or five days (Groups REC, N = 7 in Y and 6 in 0 rats,
respectively) after ischemia. The effects of anesthesia and
surgery for renal clamping on renal function were tested in four
young and four old rats studied in normal conditions, and then
compared to sham-operated rats.
Second protocol. The role of oxygen free radicals was studied
indirectly by the use of scavengers: dimethyltiourea (DMTU)
and superoxide dismutase (SOD) active against hydroxilic
radicals and superoxide anions, respectively. DMTU (400
mg/kg body wt in saline to a final volume of 0.5 to I ml) was
given intravenously. This dosage of DMTU, which has been
shown not to alter renal dynamics in the basal condition [6], was
infused through the right jugular vein for 10 minutes during the
30 minute occlusion of renal arteries, in order to avoid the high
osmolarity of the solution that by itself could confer beneficial
effects to the kidney. Rats treated with DMTU underwent the
functional study one day after ischemia (Groups DMTU, N 7
in Y and 0 rats). SOD (16 mg/kg) was given i.v. in two separate
doses (8 mg/kg each), one administered eight minutes before
renal occlusion and the other eight minutes before the clamp
release. This dosage has been reported to protect the kidney
against 60 minutes of ischemia [6]. These rats were also studied
one day after ischemia (Groups SOD, N = 7 and 7 in Y and 0
rats). To exclude any protection of renal function due to the
high osmolarity of DMTU solutions (1820 mOsm/liter), we
examined two different groups of rats with ARF (Y and 0) in
which DMTU was replaced by equiosmolar doses of a hyper-
tonic glucose solution (33% wt/vol, 1850 mOsm/liter; Groups
GLUC, N = 6 and 7 in Y and 0 rats, respectively). Hypertonic
glucose, like DMTU, is a permeant solute rapidly cleared by the
plasma. An additional group of young rats with ARF, in which
DMTU had beneficial effects (Results), was also studied after
administration of a hypertonic solution of urea (1807 mOsm/
liter) in spite of DMTU (Group UREA-Y, N = 6). With respect
to glucose, urea remains at high concentrations in blood for a
longer period, and could exert a protective effect to the kidney
after reperfusion, which is not necessarily observed with glu-
cose.
Third protocol. Two further groups of rats were given L-ar-
ginine (ARG, 1.5% solution in tap water) for seven days prior to
induction of ARF (Groups ARF + ARG), and were examined
24 hours after ischemia (N = 7 in each group). Similar doses
have been previously demonstrated to be effective in determin-
ing renal vasorelaxation in vasoconstrictive states through the
NO pathway [9, 10]. To establish whether ARG administration
modified basal renal dynamics, two sham-operated groups were
fed with the same amount of ARG and used as controls (Groups
ARG, N = 6 in each group). To support the hypothesis that the
effects of ARG were secondary to increased NO generation, we
studied an additional group of old rats with ARF (in which
administration of ARG had beneficial effects; Results) in which
nitro-L-arginine-methyl-ester (L-NAME), an inhibitor of NO
synthase, was added to the tap water (50 mg/liter) for one week
Sabbatini et al: ARF in aging rats 1357
Table 1. Pattern of histologic and functional data in normal young
(Y) and old rats (0), fed a moderately hypoproteic diet (N = 6 in
each group)
GS index
PROT
mg/24 hr
GFR
rnl/min/100 g
Young 0.20 0.07 10.4 1.5 0.76 0.03
Old 0.28 0.11 13.7 1.4 0.78 0.04
Data are means SEM. GS, focal glomerular sclerosis (for index, see
text); PROT, 24-hour proteinuria.
in association with ARG. The dosage was selected on the basis
of preliminary studies in aging rats showing that it was possible
to raise systolic blood pressure (tail-cuff method) after six to
seven days of combined treatment with ARG. The increased
blood pressure was considered to be a marker of the biologic
activity of L-NAME in the presence of an excess of L-ARG.
Analytical determinations
Inulin concentration in plasma and urine samples was mea-
sured by the diphenilamine method [15]. Urine was collected
under oil in preweighed vials, and urinary flow rate was
determined by weight difference. Urinary protein excretion was
estimated in 24 hour samples collected in metabolic cages by a
colorimetric method (BlO-RAD protein assay).
Glomerular filtration rate (GFR) was calculated according to
standard formulae. Filtration fraction (FF) was estimated by
inulin renal extraction: [(AIN — VIN)/AIN] x 100. Renal plasma
flow (RPF) was measured by the ratio between GFR and FF.
The correction of RPF by the percent of Hct value was used for
calculating renal blood flow. Renal vascular resistances (RVR)
were determined by the ratio between mean BP and renal blood
flow.
Statistical analysis
The analysis of variance was used to compare the differing
mean values in the various experimental conditions in young
and old rats. Bonferroni's test was used to evaluate the effects
of ischemia on aging rats versus the young ones, and whether
administration of DMTU, SOD or arginine feeding was able to
modify the course of ARF in aging rats. Histologic scores were
compared by the Kruskal-Wallis' test. A P value less than 0.05
was considered statistically significant. Data are expressed as
means
Results
Body weight was significantly lower in young than in old rats
(266 3 vs. 489 8, P < 0.001). Therefore, GFR and RPF
values were factored for body weight.
First protocol
Histologic pattern was estimated by two observers (V.S. and
P.M.), who were not aware of the experimental groups. Inter-
observer correlation was highly significant (P < 0.01); the
grades of only one pathologist were, therefore, used for statis-
tical analysis. Both the histologic study and the measurement of
urinary protein excretion proved the validity of our model
(Table 1). Indeed, the examination of histologic renal specimens
in control rats did not reveal any significant difference between
young and old rats. Specifically, the extent of focal glomerular
sclerosis (based on the observation of at least 100 glomeruli in
each animal) was negligible in aging rats and statistically
comparable to that observed in young rats. Focal tubular
atrophy and interstitial fibrosis were virtually absent in both
groups. Small arterioles of aging rats appeared similar to those
of young rats. Finally, urinary protein excretion, measured in
24-hour samples collected in metabolic cages, was comparable
in the two groups. Therefore, these data unequivocally demon-
strated absence of age-related glomerulopathy in our old rats.
The data of the functional study are shown in Table 2. No
difference was found between normal rats and rats undergoing
sham-operation. Therefore, the results of these two subgroups
were analyzed together as the control Group (CON). Basal
renal dynamics was similar in young and old rats. In control
conditions, tubular function, evaluated by the U/P inulin ratio
(index of water reabsorption) showed no difference between the
two groups, averaging 270 34 in young rats and 393 32 in
old rats (NS).
When compared to controls (Groups CON), in ARF, a
significant decrease of GFR was observed in both young
(ARF-Y) and old (ARF-O) rats. The percent decrease of GFR
was greater in 0 than in Y rats (—81% and —57%, respectively);
mean GFR was lower in 0 also as absolute value (0.14 0.02
vs. 0.32 0.02, P < 0.05, ANOVA). Indeed, ischemia deter-
mined different changes of renal dynamics in 0 and Y rats: old
rats underwent a prominent renal vasoconstriction (RVR,
+258% vs. respective CON). This was much more mild in
young rats (+ 104%). The associated decline of RPF was strik-
ing in 0 rats (—73% vs. basal control), and only moderate in Y
rats (—35%). FF was significantly decreased in both groups
when compared with the respective values in CON. The U/P
inulin ratio was reduced in both groups (77 30 in young rats
and 101 33 in old rats, P < 0.01 vs. their respective control,
ANOVA). Renal ischemia determined a fall of Hct values in
both ARF groups.
In REC-Y rats, GFR almost returned to control values
(—16% vs. CON), due to the tendency of both RVR and RPF to
gain normal values. As a difference, in old rats, five days after
the ischemic insult GFR failed to return to normal values as a
consequence of the more pronounced fall of GFR in ARF.
Despite the striking decrease in RVR, both RPF and GFR
remained significantly lower than the CON values (—36% and
—38%, respectively). The U/P inulin ratio returned toward
normal values in young rats (220 41, NS, ANOVA), but was
still significantly depressed in old rats in comparison with the
basal value (201 40, P < 0.05, ANOVA).
In ARF the histologic damage was similar in the two groups;
in fact, in both young and old rats tubules appeared dilated with
flattening of epithelial cells and focal loss of brush border. Small
foci of tubular necrosis were noted in both groups when
compared to their respective CON, prominently in outer me-
dulla (index: 1.33 0.30 vs. 0.16 0.09 in young rats and 1.55
0.38 vs. 0.22 0.43 in old rats, N = 6 in each group, both P
<0.015 vs. respective CON). Both groups exhibited the pres-
ence of intratubular casts consisting of proteinaceous material
or cellular debris (index: 2.23 0.41 in Y rats and 1.53 0.40
in 0 rats). In some old rats a slight to moderate lymphocytic
infiltration was present. These tubular modifications persisted,
although less severe, in both REC groups (necrosis index: 0.94
0.31 in young vs. 1.05 0.37 in old rats, NS vs. ARF).
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Table 2. Renal dynamics in young (Y, 3 months) and old (0, 18 months) rats in basal condition (CON), one day (ARF) and five days (REC)
after renal ischemia
BP Hct GFR RPF FF RVR V
CON-Y 112 3 49 1 0.75 0.03 2.93 0.14 0.26 0.01 20.3 1.4 7.1 0.5
(N =9)
CON-O 108 2 46 1 0.79 0.04 3.38 0.22 0.23 0.01 19.4 1.6 13.4 1.9
(N =8)
ARF-Y 108 4 44 1" 0.32 0.02" 1.89 0.2l 0.18 0.01" 41.6 4.8a 17.2 3.4
(N=8)
ARF-O 107 5 42 ia 0.14 0.02 0.90 0.l0" 0.16 001" 67.4 79b 14.7 3.6
(N =8)
REC-Y 109 3 46 1 0.63 0.03' 2.25 0.35 0.27 0.01 26.6 2.0 10.7 2.5
(N =7)
REC-O 108 3 41 ia 0.55 003t,d 2.51 0.21 0.02 27.3 13.1 1.7(N = 6)
Values are expressed as means SEM.
Abbreviations and units are: BP, blood pressure (mm Hg); Hct, hematocrit (%); GFR, glomerular filtration rate (ml/min/l00 g body wt); RPF,
renal plasma flow (mlIminJlOO g body wt); FF, filtration fraction; RVR, renal vascular resistances (mm Hg/mI/mm); V, urinary volume (sllmin).
a p < 0.05 vs. respective CONb P < 0.01 vs. respective CON
P < 0.05 vs. ARF-Y (minimum value)d p < 0.01 vs. respective ARF (ANOVA, Bonferroni's test)
Fig. 1. Photomicrograph at low magn{fication (lOx) representing renal surface 24 hours after ischemia in a young rat.
Tubules were still dilated, but most of them had patent lumina.
Histologic structure of small vessels was well preserved after
the ischemic insult in both groups (Fig. 1).
Secondprotocol
The data concerning the effects of oxygen-free radicals scav-
engers on the outcome of ARF are summarized in Table 3. In Y
rats, DMTU had a beneficial effect on renal function since GFR
fell only by 28% when compared to the control value, resulting
significantly higher than GFR observed in ARF-Y (0.53 0.05
vs. 0.32 0.02 ml/min). Indeed, in DMTU either RVR and RPF
were barely affected by the ischemic insult. In contrast, admin-
istration of DMTU had a poorer protective effect in old rats.
The degree of renal vasoconstriction with DMTU, in fact, was
comparable to that reported in untreated ARF-O rats (RVR =
61.3 10.6 vs. 67.4 7.9mm Hg/mI/mm, NS). This resulted in
minor effects on both RPF and GFR, which were depressed to
a similar extent as in ARF-0 (GFR =
—72%, RPF = —61%).
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Table 3. Effects of dimethyithiourea (DMTU), superoxide dismutase (SOD) and hypertonic glucose (GLUC) on the outcome of ARF in young
(Y) and (0) old rats
BP Het GFR RPF FF RVR V
Young
ARF-Y 108 4 44 1 0.32 0.02 1.89 0.21 0.18 0.01 41.6 4.8 17.2 3.4(N = 8)
DMTU-Y 108 6 44 2 0.53 0.05" 2.59 0.28a 0.21 0.01 26.5 3.0 8.7 1.5
(N =7)
SOD-Y 123 7 46 2 0.45 0.02 2.47 0.16 0,18 0.01 27.8 2.0 9.4 2.0(N = 7)
GLUC-Y 110 4 44 1 0.33 0.02 1.94 0.11 0.19 0.01 35.2 4.0 8.3 1.2(N = 6)
UREA-Y 108 3 47 I 0.37 0.04 2.04 0.25 0.19 0.01 29.3 4.2 16.6 2.9(N = 6)
Old
ARF-O 107 5 42 I 0.14 0.02 0,90 0.10 0.16 0.01 67.4 7.9 14.7 3.6(N = 8)
DMTU-O 108 3 42 1 0,22 0.03 1.30 0.24 0.16 0.01 61.3 10.6 11.9 2.0(N 7)
SOD-O 114 2 40 1 0.34 0.03" 2.24 0.19" 0.16 0.01 31.9 3.2k' 11.4 0.7(N = 7)
GLUC-O 106 3 45 1 0.22 0.04 1.42 0.15 0.17 0.02 53.2 6.4 6.3 0.9(N = 7)
Untreated rats (ARF) are the same as are represented in Table 2. Values are expressed as means SEM. Abbreviations and units are: BP, blood
pressure (mm Hg); Hct, hematocrit (%); GFR, glomerular filtration rate (ml/min/100 g body wt); RPF, renal plasma flow (mllmin/100 g body wt);
FF, filtration fraction; RVR, renal vascular resistances (mm Hg/ml/min); V, urinary volume (p1/mm).
aP < 0.05 vs. respective ARF Group
ID P < 0.01 vs. respective ARF Group
SOD, as DMTU, had different effects on renal function in Y
and 0 rats. As shown in Table 3, in young rats the ability of
SOD in preventing renal vasoconstriction was similar to that of
DMTU; however, the resulting RPF and GFR did not differ
statistically from the values in untreated ARF-Y rats. In old
rats, SOD, as opposed to DMTU, was effective in limiting the
rise in RVR observed after ischemia (RVR = 32.8 3.6 vs. 69.6
8.7). This resulted in a marked rise of both RPF and GFR.
In both GLUC Groups, which were used as controls for
DMTU Groups, administration of the hypertonic solute did not
influence any of the parameters regulating renal dynamics; the
degree of renal dysfunction overlapped that of respective un-
treated rats with ARF. In young rats with ARF treated with
hypertonic urea (UREA-Y), only a slight, not significant im-
provement of GFR and RPF was observed as against ARF-Y,
but GFR still resulted quite depressed in comparison to DMTU-
treated rats (Table 3).
In all the Groups with acute renal failure, no statistical
difference was observed in blood pressure, hematocrit, filtra-
tion fraction, nor in urinary volume.
Third protocol
The effects of arginine feeding on renal dynamics are in Table
4. In basal conditions (Groups ARG), ARG had no effect on
renal function in both young and old rats. However, after renal
ischemia (Groups ARF + ARG), the changes in Y and 0 rats
were different. No modification was observed in young rats in
which renal dynamics was comparable to that of the ARF-Y
Group. On the contrary, in old rats, ARG administration
evoked beneficial effects, since it resulted in a significantly
lower degree of renal vasoconstriction as against that of un-
treated ARF, (RVR = +74% in ARF + ARG and +260% in
ARF). RPF was significantly higher and so was GFR, which
resulted in 150% greater than the GFR of the ARF-O Group
(P < 0.01, ANOVA). In old rats with ARF receiving L-NAME
in association with ARG, such beneficial effects were com-
pletely abolished and both GFR and RPF were similar as those
observed in untreated rats of the ARF-O Group. As expected,
L-NAME resulted in an increase in blood pressure and RVR,
despite the low dosage employed and the short time of admin-
istration.
Histologic findings
Renal histology was evaluated in three rats of each of both Y
and 0 DMTU, SOD, and ARF + ARG Groups (Table 5).
Regardless of the effects obtained on renal function, none of the
drugs employed was able to modify the pattern of renal mor-
phology observed in the respective untreated groups with ARF.
In fact, the degree of necrosis of tubular cells was not different
from that reported in untreated rats with ARF.
Discussion
The aim of the current study was to gain further insight into
the pathophysiology of the greater renal dysfunction following
acute ischemia in aging rats. In order to evaluate the contribu-
tion of the physiologic glomeruloscierosis, we created an ex-
perimental model in which such an age-related glomerulopathy
was not present. Indeed, the validity of this model was con-
firmed at light microscopy as well as by the absence of overt
proteinuria which is considered as a marker of age-associated
glomerular structural injury [21. This finding allowed to exclude
any interference of histologic damage on renal dynamics, A
similar approach to this problem has been previously reported
by Corman and Roinel in a special strain of rats (WAGIRjj)
genetically characterized by a reduced body growth and, con-
sequently, not comparable to standard conditions [16].
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Table 4. Effects of L-arginine feeding either in normal rats (ARG) and on the outcome of ARF (ARF + ARG) in young (Y) and old (0) rats.
Normal rats (CON) and untreated rats with ARF (ARF) are the same represented in Table 2 and are used as control groups.
BP Hct GFR RPF FF RVR V
Young
CON-Y 112 3 49 1 0.75 0.03 2.93 0.14 0.26 0.01 20.3 1.4 7.1 0.5
(N=9)
ARG-Y 111 4 50 1 0.73 0.03 2.90 0.16 0.26 0.01 18.6 1.1 6.2 0.9
(N =6)
ARF-Y 108 4 44 1 0.32 0.02 1.89 0.21 0.18 0.01 41.6 4.8 17.2 3.4
(N = 8)
ARF + ARG-Y 113 7 43 1 0.33 0.03 1.96 0.12 0.17 0.01 33.1 3.5 10.9 2.1(N = 7)
Old
CON-O 108 2 46 1 0.79 0.04 3.38 0.22 0.23 0.01 19.4 1.6 13.4 1.9
(N=8)
ARG-O 110 4 48 1 0.81 0.06 3.44 0.33 0.23 0.01 18.7 1.0 13.5 1.8(N = 6)
ARF-O 107 5 42 1 0.14 0.02 0.90 0.10 0.16 0.01 67.4 7.9 14.7 3.6
(N 8)
ARF + ARG-O 106 3 43 1 0.35 0.05l 2.01 018b 0.17 0.01 33.5 2.6a 7.5 1.6(N = 7)
ARF + ARG + NAME-O 128 4 45 1 0.14 0.03 0.93 0.18 0.16 0.01 81.6 12.2 20.7 6.4(N = 6)
Values are expressed as means SEM. Abbreviations and units are: BP, blood pressure (mm Hg); Hct, hematocrit (%); GFR, glomerular
filtration rate (ml/min/100 g body wt); RPF, renal plasma flow (mlIminIlOO g body wt); FF, filtration fraction; RVR, renal vascular resistances (mm
Hg/mi/mm); V, urinary volume (sl/min).
a and ' P < 0.05 and P < 0.01, respectively, vs. ARF and ARF + ARG + NAME Groups
Table 5. Histologic pattern in the different Groups with acute renal failure
ARF DMTU SOD ARF + ARG
N IC N IC N IC N IC
Y
0 (N)
(N)
1.33
1.55
0.30
0.38
(6)
(6)
2.23
1.93
0.41
0.40
1.00 0.28
1.22 0.43
(6)
(6)
1.87
2.01
0.33
0.47
1.23 0.36
1.17 0.27
(6)
(6)
1.44 0.24
1.88 0.31
1.00 0.23
1.11 0.38
(6)
(6)
2.01
1,58
0.41
0.44
Data are expressed as means SEM. Focal tubular necrosis (N) and intratubular casts (IC) were used as markers of renal damage.
In aging rats, a greater renal impairment following ischemia
was observed despite absence of age-related renal damage.
Compared to young rats, the pattern of renal dynamics was
more markedly altered in old rats since ischemia induced a
considerable increase of RVR and a striking decrease of both
RPF and GFR. Importantly, these changes occurred in the
presence of a comparable degree of structural damage in the
two groups. Five days after ischemia, the GFR of aging rats was
still significantly lower than the control value. Indeed, such
"delayed" recovery from ARF in old rats was only apparent
and reflected the greater depression of GFR. In fact, the GFR of
these rats increased four times over the period of five days
compared to two times in young rats. Taken together, these
data definitely excluded that either pre-existing or subsequent
glomerular damage may have conditioned the renal response to
ischemia in aging rats. Whether the greater reduction in renal
function in aging rats after ARF was secondary to the increased
tubular work after reperfusion (and the impossibility of aging
tubular cells to match the increased request of energy), as
suggested by others [17, 181, remains speculative since no
difference in morphology was noted in our study between young
and old rats after ischemia.
In the same model of renal dysfunction, the pathogenic role
of free oxygen radicals and the protection conferred by their
scavengers DMTU and SOD have been adequately demon-
strated in young rats [6]. No study, however, has clarified
whether these substances are able to modify the outcome of
ARF in aging rats. Our results confirmed the beneficial effect of
DMTU administration in young rats, in which it led to an almost
complete prevention of renal failure, and also further suggested
that such effect was mediated through its scavenging action, as
shown by the negative results obtained with either hypertonic
urea or glucose. Conversely, a poor protective effect of DMTU
was reported in aging. All these modifications occurred with no
change in renal histology. In the study by Paller, Moidal and
Ferris [6], the beneficial effects of scavengers on renal function
were associated with a lesser histologic damage. With respect
to that study, however, one difference is crucial, that is, the
length of ischemia (60 mm vs. 30 mm in our study) which
resulted in different morphologic pattern. The mild lesions
observed in our study precluded a more precise definition of the
possible improvement in morphology after DMTU or SOD.
As opposed to DMTU, after ischemia SOD was effective in
ameliorating renal dysfunction in old rats, whereas it induced
minor changes in GFR of young rats. A clear explanation to
these contrasting data is not readily evident. A hypothesis could
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be that in aging animals, generation of superoxide anions
(scavenged by SOD) is increased during ischemia while the
levels of hydroxyl radicals (scavenged by DMTU) are not
elevated. As an alternative hypothesis, the production of free
radicals after renal ischemia in aging rats may not be increased
because of a slower renal reperfusion rate (due to the higher
vasoconstriction in 0 rats).
Under this view, it is possible that the positive effect of SOD
on renal function of aging rats did not depend on its scavenging
ability. Intrinsic SOD is essential for the activity of nitric oxide,
since this substance is rapidly destroyed by superoxide anions
[19, 20]. Thus, the improvement in renal dynamics observed
after exogenous SOD, which is rapidly concentrated in the
kidney, might be determined by increased NO levels. That the
effect of SOD was greater in aging animals may be related to the
limited ability to produce and/or release NO in conditions of
marked renal vasoconstriction in these rats with respect to the
young.
A further intriguing support to this hypothesis came from the
examination of data on arginine treatment. It has been estab-
lished that arginine feeding is able to counteract vasoconstric-
tion in some experimental settings, like salt-sensitive hyperten-
sion [9] or cyclosporin nephrotoxicity [10]. Chronic arginine
pretreatment, while not altering renal dynamics in basal condi-
tion of both groups, was efficacious in decreasing significantly
RVR in old rats after ischemia, thus markedly improving RPF
and GFR. That such an effect may be mediated by an increased
synthesis of NO, of which L-ARG is the percursor [8], was
demonstrated by the data obtained in aging rats treated with
ARG and L-NAME, the NO-synthase inhibitor, in which GFR
was depressed to the same extent as in untreated ARF rats.
Young rats, on the contrary, showed no particular advantage
from arginine-feeding after ischemia. These data suggest that
arginine treatment is beneficial only in presence of an inade-
quate basal generation of NO or, as proposed [21], when this
vasodilating system is overwhelmed by vasoconstrictive stim-
uli. Young rats may be able to antagonize the ischemia-induced
vasoconstriction by endogenous NO generation not attaining,
therefore, any benefit from exogenous arginine. In aging rats,
such endothelial capacity may be deficient, leading to the
observed greater renal vasoconstriction that is reversed by
administration of exogenous NO substrate.
Finally, it is important to note that in aging rats, after ARF,
both SOD administration and arginine feeding led to an im-
provement of GFR that reached values similar to those ob-
served in young rats, thus abolishing the difference in the renal
response to the ischemic injury between young and old rats.
In conclusion, the present study demonstrates that in old
rats: (a) ischemic ARF has a worse outcome even in the
absence of age-related renal lesions; (b) the response to ARF is
not influenced by histologic changes; (c) the major determinants
of this setting reside in hemodynamic modifications secondary
to absolute or relative reduction in the activity of the vasodi-
lating NO system.
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